The genetic variation of Brazilian populations of the mouse opossum Gracilinanus agilis was analyzed on the basis of the mitochondrial Cytochrome b gene (mt-Cytb) and the exon 28 of the nuclear Von Willenbrand factor (e28-vWF). The radiation of Gracilinanus was dated at 4.80 Ma, with the appearance of G. agilis around 1.93 Ma. Gracilinanus aceramarcae appeared as the first offshoot of the genus, followed by Gracilinanus emiliae and Gracilinanus microtarsus, which composed a sister clade of G. agilis. Phylogeographic analyses and genetic distance estimates indicate G. agilis as a single species, with haplotypes grouping in three well-supported clades, one from midwestern Brazil, a second one from northeastern Brazil, and a third one from eastern Brazil. Phylogeographic patterns in G. agilis were interpreted in search for congruence between genetic breaks and historic geomorphologic events documented for the region stretching northeastern to central-western of the Brazilian shield. The Rio São Francisco and the Serra Geral de Goiás were found to represent relevant geographic barriers to gene flow for G. agilis populations as well as for populations of several other widespread taxa. Key words: Gracilinanus agilis, phylogeography, Rio São Francisco, Serra Geral de Goiás The majority of biogeographic studies rely on the allopatric model (Shirai 2008) and involve two main concepts: vicariance, including geotectonic vicariance and paleogeography (Emsley 1965; Rasanen et al. 1987) , and dispersal, including the refuge theory and the riverine hypothesis (Wallace 1852; Sick 1967; Haffer 1969; Vanzolini and Williams 1970) . The role of rivers as barriers to species dispersal has been proposed since Wallace (1852) showed the abrupt discontinuity in distribution of several primate species across the Amazonas river tributaries. The riverine hypothesis assumes that animal populations of different river margins become progressively isolated from one another and predicts that populations on one bank will be monophyletic with respect to those of the opposite bank (Patton and da Silva 1998; Bonvicino and Weksler 2012) . Three basic patterns of phylogeographic structure can be expected for terrestrial mammals: 1) populations from separate banks sharing haplotypes and forming a genealogical tree, lacking diversification when rivers fail to operate as barriers to gene flow; 2) reciprocally monophyletic sister populations in each bank, with rivers functioning as effective barriers to gene flow, accounting for a primary factor of speciation; and 3) formerly disjunct groups following secondary contact, each river bank showing a clade sharing more recent common ancestors with other populations of the same bank (Patton and da Silva 1998; Gascon et al. 2000; Moritz et al. 2000; Patton et al. 2000; Journal of Heredity 2013:104( (Carmignotto et al. 2012) . The Cerrado comprises 2 million square-kilometers of savanna-like vegetation, varying from large tracts of grassy fields to dense woodlands, in the center of tropical South America. It is irrigated by large perennial rivers as well as by numerous smaller watercourses, constituting a humid savanna rather than a dry domain (Coutinho 2006) . Conversely, the Caatinga is considered the dry savanna of northeastern Brazil, with the majority of its rivers being strictly seasonal (Coutinho 2006) . The Caatinga is characterized by deciduous dry forests and shrub formations covering approximately 0.8 million square-kilometers (Prado 2008) .
The majority of biogeographic studies rely on the allopatric model (Shirai 2008) and involve two main concepts: vicariance, including geotectonic vicariance and paleogeography (Emsley 1965; Rasanen et al. 1987) , and dispersal, including the refuge theory and the riverine hypothesis (Wallace 1852; Sick 1967; Haffer 1969; Vanzolini and Williams 1970) . The role of rivers as barriers to species dispersal has been proposed since Wallace (1852) showed the abrupt discontinuity in distribution of several primate species across the Amazonas river tributaries. The riverine hypothesis assumes that animal populations of different river margins become progressively isolated from one another and predicts that populations on one bank will be monophyletic with respect to those of the opposite bank (Patton and da Silva 1998; Bonvicino and Weksler 2012) . Three basic patterns of phylogeographic structure can be expected for terrestrial mammals: 1) populations from separate banks sharing haplotypes and forming a genealogical tree, lacking diversification when rivers fail to operate as barriers to gene flow; 2) reciprocally monophyletic sister populations in each bank, with rivers functioning as effective barriers to gene flow, accounting for a primary factor of speciation; and 3) formerly disjunct groups following secondary contact, each river bank showing a clade sharing more recent common ancestors with other Bonvicino and Weksler 2012) . In South America, most examples of the riverine hypothesis were postulated for taxa inhabiting the Amazon domain (Wallace 1852; Patton and da Silva 2005) .
The Cerrado and Caatinga are contiguous, open morphoclimatic domains in tropical South America with different vegetation, soil and climate, and harbouring different assemblages of mammals (Carmignotto et al. 2012 ). The Cerrado comprises 2 million square-kilometers of savanna-like vegetation, varying from large tracts of grassy fields to dense woodlands, in the center of tropical South America. It is irrigated by large perennial rivers as well as by numerous smaller watercourses, constituting a humid savanna rather than a dry domain (Coutinho 2006) . Conversely, the Caatinga is considered the dry savanna of northeastern Brazil, with the majority of its rivers being strictly seasonal (Coutinho 2006 ). The Caatinga is characterized by deciduous dry forests and shrub formations covering approximately 0.8 million square-kilometers (Prado 2008) .
Despite being frequently characterized as less biologically diverse than tropical rainforests, South American open biomes harbor species or species complexes endemic to the Caatinga and Cerrado biomes, or are at least restricted to the South American "dry diagonal belt," an "open vegetation" transect across South America in a northeast-southwestern direction, eventually separating the two main forest biomes (Amazonian and Atlantic forests) of this continent. Phylogeographic studies of species of these domains provide an opportunity to assess ancient subcontinental diversification patterns (Werneck et al. 2012) , like the formation of this dry diagonal belt spanning the Tertiary-Quaternary boundary. Congruence of phylogeographic patterns and molecular estimates of genetic divergence might unveil historical processes involved in the biological diversification in this part of the South American continent.
Gracilinanus agilis is a small widespread terrestrial-scansorial didelphid characteristic of open vegetation morphoclimatic domains in Brazil, like Cerrado, Caatinga, and Pantanal. Recent taxonomic reports Lóss et al. 2011) clarified its distinction from G. microtarsus, a related Atlantic forest species, as well as from other cryptic forms assigned to the new different genus, Criptonanus (Voss et al. 2005; Garcia et al. 2010) .
We herein report phylogeographic analyses of G. agilis based on mitochondrial and nuclear DNA, analyzing independent lineages, and identify likely historical barriers determining the current structure in open vegetation domains.
Materials and Methods

Samples
Fifty-nine G. agilis specimens were collected in 19 localities comprising three morphoclimatic domains, Pantanal, Cerrado and Caatinga, and transition areas (Table 1, Figure 1 ). Additionally, Cytochrome b and exon 28 of vWF sequences from Gracilinanus microtarsus, G. emiliae, and G. aceramarcae were included in analyses (Table 1) . Sequences from other marsupial genera were either sequenced or obtained from the GenBank and included in both analyses: Marmosops paulensis, Cryptonanus agricolai, Thylamys velutinus, and Marmosa murina (Table 1) . Specimens identification was based on external and cranial characters based on previous studies Costa and Patton 2006; Voss and Jansa 2009 DNA Isolation, Amplification, and Sequencing DNA was isolated from livers preserved in 100% ethanol following standard procedures (Sambrook et al. 1989) . The complete mitochondrial Cytochrome b gene (1149 bp, mt-Cytb) was amplified with the primers L14724 (Irwin et al. 1991) and CIT-REV (Casado et al. 2010) . Amplicons were purified using the GFX PCR DNA and Gel Band Purification Kit (GE Healthcare) and labelled with the PCR primers and the internal primers SOT in1 and SOT in2 (Cassens et al. 2000) , MVZ16 (Smith and Patton 1993) , mt-Cytb AOT (Menezes et al. 2010) , and GracR (5′-GCCTGTTTCGTGRAGGAATA-3′ ) designed for this study. Partial sequence of exon 28 of the nuclear gene von Willebrand Factor (959 bp, e28-vWF) was amplified with primers e28-vWF F104 and e28-vWF R1141 (Voss and Jansa 2009) and sequenced with the PCR primers and the internal primers F120, e28-vWF F557, e28-vWF R655, e28-vWF R743 (Voss and Jansa 2009) . These two molecular markers were chosen based on their usefulness for phylogenetic study of the genus Gracilinanus (Voss and Jansa 2009; Costa et al. 2003) Sequencing was carried with an ABI Prism TM 3130XL (Tokyo, Japan) platform, and electropherograms were manually checked with CHROMAS version 1.45 (McCarthy 1998) and CHROMAS PRO version 1.41 (Technelysium Pty Ltd). Sequences were manually aligned in MEGA version 5 (Tamura et al. 2007 ). Haplotypes were checked using DNASP version 5.10.01 (Librado and Rozas 2009 ).
Phylogenetic and Phylogeographic Reconstructions
Genetic distances were estimated with MEGA using the Kimura 2-parameter (K2p) DNA substitution model for comparisons with previous studies of opossums Caramaschi et al. 2011; Carvalho and de Almeida 2011) .
For phylogenetic reconstructions, the maximum likelihood (ML) and Bayesian inference (BI) topologies based on mt-Cytb were constructed with the HKY model (Hasegawa et al. 1985) , with a proportion of invariable sites and gamma distributed rates (HKY + I + Γ). ML and BI topologies based on e28-vWF were constructed with the K2p model (Kimura 1980 ) with gamma distributed rates. All DNA substitution models were selected using MODELGENERATOR version 0.85 (Keane et al. 2006) . ML was carried out with PhyML version 3.0 (Guindon and Gascuel 2003) , and branch support was calculated using the approximate likelihood ratio test (SH-aLRT) with Shimodaira-Hasegawa-like interpretation (Anisimova and Gascuel 2006; Guindon et al. 2010) . BI was carried out using MrBayes, version 3.1.2 (Huelsenbeck and Ronquist 2001; Ronquist and Huelsenbeck 2003) . For BI, two chains were run for 1 000 000 generations, and one tree per 100 generations was sampled. Convergence and mixing were evaluated using TRACER version 1.5 , with initial 10% runs discarded (burn-in). A majority rule consensus phylogram was subsequently constructed.
NETWORK version 4.5.1.6 (http://www.fluxusengineering.com) was used for reconstructing a medianjoining (MJ) network (Bandelt et al. 1999 ) of 59 G. agilis to evaluate subpopulation structure and geographic distribution patterns. This was only carried out for mt-Cytb, and only variable sites were used in this analysis.
Indices of nucleotide (p) and haplotype diversity (h) (Nei 1987) were calculated with ARLEQUIN version 3.5.1.2 (Excoffier and Lischer 2010) . ARLEQUIN was also used for estimating mismatch distributions and distribution of pairwise differences (Slatkin and Hudson 1991; Rogers and Harpending 1992) to assess demographic events like population growth and/or range expansion. Percentile confidence intervals were based on 1000 bootstrap replicates and a level of significance of 0.05 (Schneider and Excoffier 1999) . The sudden and spatial demographic expansion models were tested using bootstrap and the sum of square deviations (SSD) between observed mismatch distribution and simulated data as a test statistic (i.e., test of goodness of fit; Schneider and Excoffier 1999; Excoffier 2004) .
Spatial Analysis
Spatial analysis was carried out for each of the complete mtCytb sequence (1149 bp) and partial e28vWF (959 bp) with The number of MCMC interactions was set to 100 000 per run with a thinning of 100. Analyses were performed using variable sites only.
Substitution Saturation Test
The DNA substitution saturation plots calculated with DAMBE (version 5.2.5; Xia and Xie 2001), was used for detecting phylogenetic signals. Two analyses were performed (G. agilis and outgroups), one with mt-Cytb data and another with e28-vWF. The less saturated gene was selected for estimating time of divergence.
Divergence Time Estimates
Divergence time was estimated for the e28-vWF topology with two points of calibration based on the fossil record: 1) time of separation between Didelphidae and Caluromyidae (12.2 to 55.8 Ma; minimum and maximum) (Marshall 1976) and 2) minimum and maximum time of separation (6.8 and 55.8 Ma, respectively) of Didelphinae and Marmosini (Kirsch and Palma 1995) . The tree topology and divergence times were estimated using a Bayesian inference with BEAST version 1.7.0 . Divergence times were estimated using an uncorrelated lognormal relaxed clock (Drummond et al. 2006 ) and a Yule tree prior. This analysis was carried out with a single sequence per each G. agilis clade observed in a preliminary analysis, respecting Yule's prior assumptions (Gernhard 2008) .
Estimates of times of divergence were calibrated using a gamma distribution prior for both calibration points, with offset 12.2 for the first point and 6.8 for the second point. The evolutionary model was HKY. Estimates of the posterior distribution were obtained by sampling every 5000 MCMC steps over a total of 50 000 000 steps. Acceptable mixing and convergence to the stationary distribution was checked using TRACER, and the first 10% were discarded as burn-in. The maximum clade credibility (MCC) tree was computed using TreeAnnotator (version 1.7.0) of the BEAST package.
Results
The complete mt-Cytb DNA sequences of G. agilis (n = 59) showed 44 haplotypes (Table 1) , three shared by two specimens from the same locality and one shared by two specimens from different localities. Partial sequence of the e28-vWF (959 bp) of G. agilis (n = 52) showed nine haplotypes (Table 1) , one shared by two specimens from the same locality and four shared by 4, 8, 10, or 11 specimens from different localities. Analysis of mt-Cytb and e28-vWF of G. agilis showed 179 and 14 variable sites, respectively: the former ML and BI topologies based on mt-Cytb and e28-vWF were similar and strongly supported the monophyly of Gracilinanus (Figures 2 and 3) . G. agilis was more closely related to G. microtarsus, followed by G. emiliae, with G. aceramarcae as the first offshoot (Figures 2 and 3) .
ML and BI based on mt-Cytb and e28-vWF showed three wellsupported clades for G. agilis, herein designated as "Midwest Genetic distances varied between Gracilinanus species and between G. agilis clades (Table 2) . A multimodal mismatch Table 1 .
Thylamys velutinus H50
H03 (2) H02 (2) H06 (3) H09 (3) H07 (3) H05 (3) H04 (3) H08 ( distribution ( Figure 5 ) using mt-Cytb revealed that populations of the Midwest, Northeast, and East Clades were in demographic equilibrium. This pattern of multimodal mismatch was similar to that found with 28-vWF (data not shown).
The level of substitution saturation was evaluated by plotting transitions and transversions against genetic distance for both datasets . This procedure showed that the frequency of both transitions and transversions increased linearly along with divergence ( Figure 6) , with transitions outnumbering transversions. This indicated that the saturation plateau had not been reached, and that data still retained adequate phylogenetic signals. We used e28-vWF for dating because it showed a lower saturation than mt-Cytb (Figure 6 ).
Patterns shown by GENELAND analysis with both markers were similar to those found in phylogenetic analyses (Figures 2 and 3) , identifying the Midwest, Northeast, and East Clades with mt-Cytb (Figure 1b) and e28-vWF (Figure 1c) . Divergence estimates of the genus Gracilinanus were dated to 4.80 Ma (highest posterior density [HPD] = 2.96-7.36 Ma) and 1.93 Ma (HPD = 0.93 to 3.07 Ma) for G. agilis; this latter probably to the Middle Pleistocene (Figure 7 ).
Discussion
The monophyly of Gracilinanus was corroborated with mt-Cytb and e28-vWF genes, although only mt-Cytb analyses placed G. aceramarcae as the first offshoot Cardillo et al. 2004; Voss and Jansa 2009) . Analysis of both molecular markers showed the close relationship between G. agilis and G. microtarsus, supporting previous findings based on mtCytb (Cardillo et al. 2004) . A previous phylogenetic analysis of morphological characters showed G. emiliae as the sister lineage of the other species and grouped G. agilis, G. microtarsus, and G. aceramarcae in a polytomy (Voss et al. 2005) . In another analysis based on five molecular nuclear markers, the position of G. agilis varied; it either collapsed with other Gracilinanus species (with IRPB) or appeared as a sister group of either 1) G. microtarsus + G. aceramarcae (with RAG1, BRCA1), 2) G. microtarsus (with vWF), or 3) G. aceramarcae (DMP1; Voss and Jansa 2009).
Phylogeographic Patterns
Similarly to the results of GENELAND analysis (Figure 1a) , the mt-Cytb topology (Figure 2) showed that Northeast and Midwest Clades are more closely related to one another but separated from the East Clade in coincidence with the current barrier of the Rio São Francisco. On the other hand, in the GENELAND analysis (Figure 1b) , the e28-vWF topology indicated a closer relationship between Northeast and Midwest Clades (Figure 3) , identifying a putative geographic barrier coincident with the paleocourse of the Rio São Francisco at approximately 400 000 years ago. At this time, the river flowed northwards towards the state of Piauí, presently reaching the Atlantic Ocean in the border between Piauí and Maranhão states (Mabesoone and Alheiros 1991) .
At the population level, networks are more appropriate in traditional phylogenetic reconstructions because they consider ancestral nodes, multifurcations, and reticulations (Crandall and Templeton 1993; Posada and Crandall 2001; Ferreri et al. 2011) . MJ analysis also showed three groups, confirming the results of BI and ML analyses. Specimens representing these groups were separated by several median vectors, probably representing extinct or not sampled specimens (Bandelt et al. 1999) . The Rio São Francisco flows from central-eastern Brazil across areas of Cerrado vegetation to the semiarid northeast where it conveys the largest water volume and remains perennial even in the Caatinga region (Souza et al. 2005) . The relevance of this river stems from its extension (approximately 3000 km) and from drastic reduction in volume of water in an earlier drier climate, which strongly affected the diversification of its fauna and flora (Barreto et al. 2002) .
The geological origin of the Rio São Francisco has been dated to the Cretaceous, approximately 65 Ma (Valadão 1998) , before diversification of G. agilis. However, during the Quaternary, this river suffered several alterations in its hydrologic conditions due to several climatic oscillations between glacial and interglacial stages (Suguio 2001) , undergoing a decrease of water volume at specific sites (Souza et al. 2005) , and likely allowing the crossing of G. agilis from one bank to the other during dry periods. Both markers herein analyzed were in agreement with the riverine barrier hypothesis (Wallace 1852; Sick 1967) of restricted gene flow between populations of opposite margins and corroborated previous studies indicating the Rio São Francisco as a natural barrier to gene flow for several invertebrate and vertebrate taxa (Wetzel 1982 (Wetzel , 1985 Bonvicino et al. 1989 Bonvicino et al. , 2001 Rodrigues 2003; Coutinho-Abreu et al. 2008; Rylands et al. 2009; Hirsch 2010; Siedchlag et al. 2010; Nascimento et al. 2011) .
Differences between mt-Cytb and e28vWF topologies are likely due to the faster mutation rate of mitochondrial DNA (Brown et al. 1979) , the mt-Cytb pattern being coincident with the current course of the Rio São Francisco, separating the river bank populations due to a lack of gene flow between them. Conversely, the pattern of e28-vWF gene shows the close relationship between Northeast and East Clades, and probably reflects the slower mutation rate of nuclear markers. Mitochondrial and nuclear markers have a unique evolutionary history, each gene tree tracing different timings of the river history. Avise (2000) reported that incongruences between markers are common due to different evolutionary pressures operating at different genomic components, as already reported for plants (Zolet 2009 ), reptiles (Leach and McGuire 2006; Spinks and Shaffer, 2009) , fishes (Robertson et al. 2006) , and rodents (Good et al. 2008) .
The role of the Rio São Francisco as natural barrier to gene flow has been reported for several taxa. This was the case for invertebrates like the insect vector Lutzomyia longipalpis (Coutinho-Abreu et al. 2008) and several primates originally distributed in the left bank of this river [Callithrix jacchus and Cebus (Sapajus) flavius] respective to other species in its (Bonvicino et al. 1989 (Bonvicino et al. , 2001 ) and the armadillo Cyclopes didactylus (Wetzel 1982 (Wetzel , 1985 and accounts for the vicariance of the endemic Amphisbaena hastata and A. ignatian (Squamata, Amphisbaenidae; Rodrigues 2003) and of the species of Calyptommatus and Nothobachia (Squamata, Gymnophthalmidae) found at separate banks (Siedchlag et al. 2010) . The hypothesis of paleocourse and changes in the course of the Rio São Francisco explain genetic divergence has been postulated for the lizards of the genus Eurolophosaurus (Squamata, Tropiduridae; Passoni et al. 2008) . The role of the Rio São Francisco in the geographic structure of populations has also been relevant in the differentiation of populations of the rodent species Calomys expulsus . Population studies in other domain also showed the coincidence of rivers and patterns of genetic differentiation by the lizard genera Gymnodactylus, Tropidurus, Strobilurus, Coleodactylus, and Stenolepis in the Atlantic Forest (Rodrigues 1987; Pellegrino et al. 2005) . The separation between Midwest and Northeast G. agilis clades is coincident with the location of Serra Geral de Goiás, between the Brazilian states of Goiás and Bahia. These highlands (altitude between 600 and 1200 m), with characteristic natural grass fields, also known as Espigão Mestre, divide the hydrograph basins of two long and wide Brazilian rivers, the Tocantins and Rio São Francisco (Moreira 1995) .
The role of the mountain range, the Serra Geral de Goiás massif, is less evident as a barrier for lowland species. A recent study in the Cerrado domain found evidence for a large refugial area in the northeastern Cerrado, the Serra Geral de Goiás refugium (Werneck et al. 2012 ). According to these authors, this refuge is largely coincident with the Serra Geral de Goiás Plateau, an arenitic (sandstone) tableland located in a geologically complex region that is both a natural and a political boundary between Goiás, Tocantins, and Bahia states, a site containing the origin of several headwaters (Cole 1994) . This mountain range of Central Brazil is approximately 400 km long and also plays a relevant role in vertebrate and plant speciation by preventing gene flow between eastern and western populations (Ratter et al. 1978; Rízzini 1979; Olmos et al. 1997) .
The geological origin of the Serra Geral de Goiás also dates to the Cretaceous (Villela and Nogueira 2011), before G. agilis diversification. These mountain chains of the Cerrado are also likely to have played a role in diversification of G. agilis, with Western and Eastern Clades being separated by this massif (Figures 1 and 2) . Each side of this mountain chain shows different precipitation indexes (Olmos et al. 1997 ) and different vegetation types, with terrestrial bromeliads and cacti similar to those observed in the Caatinga east of this massif and a Cerrado-like vegetation at the west (Ratter et al. 1978; Rízzini 1979 ). This fact potentially contributed for separating populations at each side of the Serra, which is also a barrier for bird species like Pyrrhura pfrimeri restricted to the western slopes of these mountains (Olmos et al. 1997) .
Other phylogenetic studies based on G. agilis DNA data showed similar results Lóss et al. 2011) although in these studies the Rio São Francisco and the Serra Geral de Goiás were not addressed as possible biogeographic barriers. The role of the Rio São Francisco and the Serra Geral de Goiás in the diversification of the vertebrate fauna of the Cerrado has been supported by our findings, showing that these geographic barriers were primary causal factors for the geographic diversification in these domains, with reciprocally monophyletic sister groups of G. agilis populations at each bank of the river and side of the mountain chain. Our findings also suggested that the riverine hypothesis accounts for complex, recent, and ancient geologic conditions, showing that both the current and the paleocourse of the Rio São Francisco may have played a role in the diversification of G. agilis populations.
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